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Mesenchymal stromal cells (MSCs) play an important role in the field of regenerative medicine thanks to their immunomodulatory properties and their ability to secrete paracrine factors. The use of MSCs has also been tested in children with congenital lung diseases inducing fibrosis and a decrease in lung function. Congenital malformations of the pulmonary airways (CPAM) are the most frequently encountered lung lesion that results from defects in early development of airways. Despite the beneficial properties of MSCs, interventions aimed at improving the outcome of cell therapy are needed. Hypoxia may be an approach aimed to ameliorate the therapeutic potential of MSCs. In this regard, we evaluated the transcriptomic profile of MSCs collected from pediatric patients with CPAM, analyzing similarities and differences between healthy tissue (MSCs-lung) and cystic tissue (MSCs-CPAM) both in normoxia and in cells preconditioned with hypoxia (0.2%) for 24 h. Study results showed that hypoxia induces cell cycle activation, increasing in such a way the cell proliferation ability, and enhancing cell anaerobic metabolism in both MSCs-lung and MSCs-CPAM-lung. Additionally, hypoxia downregulated several pro-apoptotic genes preserving MSCs from apoptosis and, at the same time, improving their viability in both comparisons. Finally, data obtained indicates that hypoxia leads to a greater expression of genes involved in the regulation of the cytoskeleton in MSCs-lung than MSCs-CPAM.
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INTRODUCTION
Cell therapy is an important field that sees use in tissue engineering and regenerative medicine (Huang et al., 2009). Human mesenchymal stromal cells (MSCs) possess the ability to self-renewal and multilinear differentiation (Minguell et al., 2001; Pittenger and Martin, 2004) and have been isolated from different tissues such as fat, bones (Pittenger and Martin, 2004), bone marrow (Minguell et al., 2001), teeth (Huang et al., 2009), amniotic fluid (Kaviani et al., 2003), and urine (Chun et al., 2012). Thanks to their immunomodulatory properties and their ability to secrete several paracrine factors, they have been used for the treatment of cardiovascular diseases (Thakker and Yang, 2014), nerve injuries (Dadon-Nachum et al., 2011), bone regeneration (Fan et al., 2015) and respiratory disorders (Lou et al., 2021). Furthermore, the use of cell therapy with MSCs was also tested in children with congenital lung diseases (Pelizzo et al., 2020; Tong et al., 2021).
As reported, repeated administration of allogeneic MSCs improved respiratory conditions in children with interstitial lung disease. In particular, in the lung tissue, the regenerative processes are promoted by a pool of MSCs which would appear to be involved in the regeneration and architecture of tissues processes. In conditions such as congenital malformations of the pulmonary airways (CPAM), the therapeutic potential of MSCs ha also been proposed (Pelizzo et al., 2021).
CPAM are congenital pulmonary anomalies histologically characterized by the presence of multiple cysts located in the lung parenchyma. Although considered a rare disease, it is estimated to affect between one in 25,000 and 35,000 live births (Laberge et al., 2001; Duncombe et al., 2002). These lung lesions are the result of embryological damage in the early gestation period causing hyperproliferation and terminal bronchioles dilatation. The absence of normal alveoli induces pulmonary compression and hypoplasia and in some cases also a displacement of the mediastinum (Stocker et al., 1977; Stocker, 2009). CPAM are classified into 5 types according to the size and lesion location. Among these the most recurrent lesions are the type 1 lesion, which occurs in 60–70% of cases with intercommunicating cysts >2 cm, and CPAM types 2 in 15–20% of cases with cystic lesions <2 cm (MacSweeney et al., 2003). It can be asymptomatic or be responsible for recurrent infections or symptoms related to compression of the airways. To date, treatment in symptomatic patients includes surgical therapy with excision of the lesion (Leblanc et al., 2017). In the asymptomatic forms, indeed, the risk of developing infections and the potential development of tumors seem to support resection in childhood (Aslan et al., 2006; Adzick, 2009; Pelizzo et al., 2009; Peters et al., 2013; Gajewska-Knapik and Impey, 2015). MSCs have a crucial role in the microenvironment and regulation of tumor survival, growth, and progression (Pelizzo et al., 2017). However, MSCs could be useful for the lung regenerative process after surgical treatment of congenital pulmonary lesions.
For this reason, interventions aimed at improving the regenerative capacities of MSCs are needed. Several studies reported that the use of growth factors or exposure to hypoxic conditions improves the properties of MSCs (Khan et al., 2011; Fan et al., 2015). Oxygen (O2) is a substrate needed by cells for energy production and cell metabolism (Wang et al., 2005). Cell proliferation and differentiation are biological processes regulated by O2. Hypoxia preconditioning has been proposed as an approach to improve the therapeutic potential of MSCs; in fact, it has been seen that short-term exposure to hypoxia has an empowering effect leading to increased cell migration and improved proliferation, survival, differentiation and paracrine activities of MSCs (Annabi et al., 2003; Yang et al., 2022).
In this context, MSCs were harvested from infants after surgery for CPAM’s lesions. Healthy lung tissue (MSCs-lung) and cystic tissue (MSCs-CPAM) were considered. In order to investigate the effect of O2 concentration, MSCs-lung and MSCs-CPAM were exposed to in vitro normoxia or hypoxia (0.2% O2) condition for 24 h. Subsequently, analogies and differences in transcriptomic profiles between MSCs-lung or MSCs-CPAM in normoxia against hypoxia were analyzed.
MATERIALS AND METHODS
Patients
Two male infants with diagnosed CPAM were admitted to the surgical ward for elective surgery including lobectomy. Microscopically, the lesion was diagnosed as CPAM type II by Stocker’s classification. With parental consent, a portion of the lung tissue intended for histological analysis was used for the expansion of MSCs. Two samples were obtained respectively from the “healthy” tissue (called MSCs-lung) and from congenital lung tissue (called MSCs-CPAM). The study was performed according to the Declaration of Helsinki and with the approval of the Institutional Review Board of the “G. Di Cristina” (registration number 87 Civico 2017). Written informed consent was obtained by the parents and/or legal guardian of each infant after receiving information on the study.
Cell Isolation, Culture and Characterization
The MSCs were obtained from pulmonary tissue of two male infants diagnosed with CPAM and submitted to elective surgery, as previously reported (Pelizzo et al., 2017). The cells were expanded until passage 2. Subsequently, the cells were seeded at 2,5 × 106 cells in each Petri dish (150 × 25 mm) and kept in culture with MSCBM (Lonza, Basel, Switzerland) culture medium for 24 h inside an incubator at 37°C with a humidified atmosphere at 5% CO2 in the air before hypoxic treatment.
The cells were characterized as previously reported for:
- proliferative capacity defined as calculated cell count (CCC),
- immunophenotype by flow-cytometry using monoclonal antibodies specific for CD73, CD34, CD90, CD14, CD45, CD31, CD105 class I and class II- HLA (Beckman coulter Milan, Italy),
- osteogenic and adipogenic differentation capacity was evaluated by in vitro adding specific stimuli. In particular, for osteogenic differentation 10−7 M dexamethasone, 50 mg/mL L-ascorbic acid and 5 mM ß-glycerol phosphate were added to α-MEM 10% FBS (Euroclone, Milan, Italy), for adipogenic differentiation 100 mg/ml insulin, 50 mM isobutylmethylxanthine, 0.5 mM indomethacin were also added to culture medium. All reagents were from Sigma-Aldrich (Milan, Italy).
- The capability to enter senescence was evaluated maintaining cells in culture until the number of detached cells was ≤ to the number of plated cells.
- The immunomodulatory capacity was assesed at different ratio (1:2-1:20-1:200) on healthy donor peripheral blood mononuclerar cells (PBMC) activated with phytohemagglutinin (PHA).
Hypoxic Treatment
The cultured cells of both MSC-lung and MSCs-CPAM were seeded in a 6-multiwell plate with a density of 8 × 104 for each well. After seeding cells were maintained for 24 h in the standard medium MSCBM (Lonza) in incubator at 37°C with a humidified atmosphere at 5% CO2. Then cultured cells of MSC-lung and MSCs-CPAM were subjected to hypoxic treatment by inserting the plates into the ProOx Model P110 (BioSpherix, New York, NY, United States) hypoxia chamber for 24 h at 0.2% of hypoxia. Cells were observed under inverted light microscopy (Leica Microsystem, Milan, Italy) to evaluate the morphological features in normoxic and hypoxic conditions. Cultured cells of MSC-lung and MSCs-CPAM were maintained in incubator with normoxic condition and used as control cells.
RNA Extraction
RNA isolation was performed using the Total Exosome RNA and Protein Isolation Kit (catalog # 4478545; Thermo Scientific, Rockford, IL, United States) following the manufacturer’s instruction. The RNA quality and concentration were measured using Eppendorf BioSpectrometer fluorescence. TruSeq RNA Exome protocol (Illumina, San Diego, CA, United States) was used for library preparation. 3 batches were analyzed by RNA sequencing. Concisely, each sample RNA extracted was fragmented at 94 C for 8 min and then was synthesized the first strand of cDNA using the SuperScript II Reverse Transcriptase (Invitrogen, Milan, Italy). Subsequently, the second strand of cDNA was synthesized and purified using AMPure XP beads (Beckman Coulter, Brea, CA, United States). In the following step, in order to allow the adaptor ligation, the 3′ ends of the cDNA were adenylated and then was performed the indexing adapter ligation. The library was purified with AMPure XP beads. In order to enrich those fragments of DNA that have adaptors on both ends, and also to increase the quantity of library DNA a first PCR amplification step was carried out. The library has been validated through the Agilent Technologies 2,100 Bioanalyzer and then, 200 ng of each DNA library were combined for performing the first hybridization step. Magnetic beads coated with streptavidin were used to capture probes hybridized to the target regions, in order to eliminate nonspecific binding. After the enriched libraries were eluted from the beads, the second cycle of hybridization was performed, in order to obtain a wide specificity of regions of capture. Finally, the libraries were purified using the AMPure XP bead and then amplified. The final library was quantified and certified with the Agilent High Sensitivity Kit through a bioanalyzer. Subsequently, the library was normalized and was loaded for clustering on a MiSeq Flow Cell and then sequenced with a MiSeq Instrument (Illumina).
RNA-Seq Inspection
After the sequencing, the quality of the demultiplexed samples was verified using the software fastQC (version 0.11.5, Babraham Institute, Cambridge, United Kingdom) along with Trimmomatic (version 0.38, Usadel Lab, Aachen, Germany) (Bolger et al., 2014) to drop adapters or bad bases. Each read was mapped to the relative gene of the human reference genome version GRCh38 through the spliced transcripts alignment to a reference (STAR)RNA-seq aligner (version 2.7.3a, New York, NY, United States) (Dobin et al., 2013). Then, the htseq-count (version 0.6.1p1, European Molecular Biology Laboratory (EMBL), Heidelberg, Germany) package (Anders et al., 2015) in python was used to count the transcripts and the differentially expressed genes (DEGs) for both the comparisons were analyzed in R (version 3.6.3, R Core Team) using the Bioconductor package DESeq2 (Love et al., 2014).
Western Blotting
Proteins extracted from all experimental groups were processed as previously described (Soundara Rajan et al., 2017). Briefly, 30 μg of proteins were resolved on SDS–PAGE gel and subsequently transferred to nitrocellulose sheets using a semidry blotting apparatus. Sheets were saturated for 120 min at room temperature in blocking buffer (1×TBS, 5% milk, 0.1% Tween- 20) and incubated overnight at 4°C in blocking buffer containing primary antibodies Bcl-2 (1:750; Santa Cruz Biotechnology, Dallas, TX, United States), Ki-67 (1:500; BioGenex, Fremont, CA, United States), Cleaved caspase-3 (1:1,000; Cell Signalling Technology, Milan, Italy), Cleaved caspase-8 (1:400; Cell Signalling Technology), p53 (1:400; Merck Millipore, Milan, Italy) and ITGA4 (1:400; Abnova, DBA, Milan, Italy). β-Actin (1:750; Santa Cruz Biotechnology) was used as a loading control. After four washes in TBS containing 0.1% Tween-20, samples were incubated for 60 min at room temperature with peroxidase-conjugated secondary antibody diluted as 1:1,000 in 1 × TBS that contained 2.5% milk and 0.1% Tween-20. Bands were visualized and quantified by the ECL method with Alliance 2.7 (UVItec Limited, Cambridge, United Kingdom).
Statistical Analysis
To select the DEGs and reject the genes that did not differ statistically we used in DESeq2 the Welch’s test applied to the negative binomial distribution. In detail, we corrected the p-value in q-value using the post-hoc Benjamini–Hochberg procedure and a threshold level of 0.05. Thus, only genes whose q-value was lower than 0.05 were defined as DEGs.
Furthermore, for both MSCs-lung and MSCs-CPAM comparisons we enriched the DEGs in both the comparison with the KEGG pathways using the clusterProfiler Bioconductor package (Yu et al., 2012). We used the default statistics test and we set 0.05 as the threshold. Even in this case, we used the false discovery rate post-hoc Benjamini–Hochberg to correct the p-value and drop the false positive pathways.
For protein expression the experiments were performed in triplicate. All data are expressed as mean ± standard deviation. Statistical analyses were performed using the Student’s unpaired t-test for comparisons of two groups and one-way ANOVA followed by the Bonferroni method for comparisons of three or more groups. Values of p < 0.05 were considered statistically significant.
RESULTS
Characterization of MSCs-Lung and MSCs-CPAM
MSCs-lung and MSCs-CPAM were successfully isolated and expanded from lung samples of both patients. As already reported they were plastic adherent, showed spindle shape morphology and high proliferative capacity, reaching ≥80% confluence in less than 5 days.
Cells were negative for CD34, CD14, CD45, and HLA-DR and positive for CD73, CD90, CD105, and HLA-I.
They did not differentiate into adipocytes or osteocytes, since lipid droplet formation or AP activity and calcium deposition was not observed.
MSCs-lung ceased to growth at P14 for both lines, while MSCs-CPAM at P19 and P16.
Moreover, they showed a dose dependent in vitro immunosuppressive activity on activated PBMC.
Culture of MSCs-Lung and MSCs-CPAM
Cells were incubated under normoxic conditions and under hypoxic conditions. Cells morphology was recorded after hypoxic treatment using a light microscope. After hypoxic treatment, several spindle-shaped fibroblast-like cells were observed and their numbers evidently increased. In contrast to normoxic conditions, hypoxic conditions promoted the proliferation in MSCs-lung and MSCs-CPAM (Figure 1).
[image: Figure 1]FIGURE 1 | MSCs-lung and MSCs-CPAM morphology observations under inverted light microscopy. (A,C) Normoxic controls. (B,D) Hypoxia samples. Scale bar = 10 µm.
Transcriptomic Analysis
We focus our analysis on the DEGs observed in the two cell types (MSCs-lung or MSCs-CPAM) in the hypoxia condition compared to the normoxia condition. Thus, the analyzed comparisons are:
- MSCs-lung-Normoxia against MSCs-lung-Hypoxia
- MSCs-CPAM-Normoxia against MSCs-CPAM-Hypoxia.
The comparison of MSCs-lung-Normoxia against MSCs-lung-Hypoxia highlighted 2,481 DEGs (1,361 upregulated, 1,120 downregulated). On the other hand, the comparison of MSCs-CPAM- Normoxia against MSCs-CPAM-Hypoxia highlighted 2,888 DEGs (1,501 upregulated, 1,387 downregulated). The Venn diagram in Figure 2 summarizes the similarity and differences in DEGs among MSCs-lung and MSCs-CPAM in normoxia or hypoxia conditions.
[image: Figure 2]FIGURE 2 | Venn diagram of MSCs-lung and MSCs-CPAM in the different normoxia and hypoxia conditions. All the comparisons found 606 genes as different in statistical manner (the bottom intersection).
In order to observe the biological differences between MSCs-lung and MSCs-CPAM, we searched for the common enriched pathways. We focused our attention on the pathways “Cell cycle” (hsa04110), “p53 signaling pathway” (hsa04115), “Glycolysis/Gluconeogenesis” (hsa00010). The analysis of these pathways allowed us to observe 3 different processes involved in increasing the proliferative capacity of MSCs and which could support their role in tissue repair and regeneration. Indeed, treatment with hypoxia seems to increase their ability to proliferate through the activation of the cell cycle (Figure 3A) and inhibition of the apoptosis (Figure 3B), which is parallelly supported by the activation of the cellular metabolism (Figure 3C).
[image: Figure 3]FIGURE 3 | Heatmap of genes involved in the activation of the cell cycle (A), inhibition of the apoptosis (B) or activation of the cellular metabolism (C) in the comparison of MSCs-lung-Normoxia against MSCs-lung-Hypoxia or MSCs-CPAM-Normoxia (left column of each comparison) against MSCs-CPAM-Hypoxia (right column of each comparison). The green scale is related to downregulated genes whereas the red palette represents upregulated ones. NA value is put when the difference is not statistically relevant in the comparison. All fold changes are rounded to the second decimal digit.
Additionally, literature shows that the MSCs have a potential role in tissue repair (Parekkadan and Milwid, 2010). The gene ontology biological process term “Epithelium development” collects all the genes involved in the progression and formation of the epithelium to the mature structure (Attrill et al., 2019). It is known that MSCs can graft as lung epithelium in order to carry out structural repair of the damaged lung (Weiss and Finck, 2010), and the GO “epithelium development” has been identified as involved in the processes of wound healing and epithelial regeneration in other pathological conditions (Pokrywczynska et al., 2019). Thus, we enriched the KEGG pathways all DEGs of the two comparisons MSCs-lung and MSCs-CPAM included in this biological term. The pathways enriched in both the two comparison are “Regulation of actin cytoskeleton (hsa04810),” “Focal adhesion (hsa04510),” and “PI3K-Akt signaling pathway (hsa04151),” were common pathways observed. The reorganization of the cytoskeleton, the cellular adhesion and the PI3Ks signaling are pathways involved in the migratory activity and in the tissue regeneration processes (Figure 4). This consideration is in line with the cell cycle activation since and cell proliferation. Interestingly, the MSCs-lung seems more inclined to trigger the activation of these processes than the MSCs-CPAM.
[image: Figure 4]FIGURE 4 | Heatmap of genes involved in the gene ontology term “Epithelium development” and observed in the KEGG pathways “Regulation of actin cytoskeleton,” “Focal adhesion” or “PI3K-Akt signaling pathway” in the comparison of MSCs-lung-Normoxia against MSCs-lung-Hypoxia (left column of each comparison) or MSCs-CPAM-Normoxia against MSCs-CPAM-Hypoxia (right column of each comparison). The green scale is related to downregulated genes whereas the red palette represents upregulated ones. NA value is put when the difference is not statistically relevant in the comparison. All fold changes are rounded to the second decimal digit.
Protein Expression
Bcl-2, Ki-67, Cleaved caspase-3, Cleaved caspase-8, p53 and ITGA4 were investigated by Western blot analysis. The expression of Ki-67 and Cleaved caspase-3 was significantly increased in MSCs-CPAM cultured under Hypoxic conditions when compared to the MSCs-CPAM culture maintained under standard atmosphere parameters. On the other hand, Bcl-2 was down regulated in MSCs-CPAM maintained in hypoxic incubator in comparison with normoxic conditions. Cleaved caspase-8 and p53 were downregulated in MSCs-CPAM under hypoxic culture conditions when compared to the normoxic maintained culture. ITGA4 showed an increase expression in MSCs-lung and MSCs-CPAM under hypoxic conditions (Figure 5).
[image: Figure 5]FIGURE 5 | MSCs-lung and MSCs-CPAM protein expression under Normoxic (N) and Hypoxic (H) conditions. (A) Specific band of investigated markers Bcl-2, Ki-67, Cleaved caspase-3, Cleaved caspase-8, p53 and ITGA4. Beta-actin was used as housekeeping protein. (B) Densitometric analyses of the studied markers. *<p < 0.05; **p < 0.01.
DISCUSSION
MSCs own the ability to differentiate into adipocytes, osteoblasts, chondrocytes and other tissues of mesodermal origin (Friedenstein et al., 1976; Colter et al., 2001) and possess specific immune regulatory properties (Krampera et al., 2003; Krampera et al., 2006). These properties make them interesting in cell therapy for the regeneration of damaged tissues of various origins, including epithelial tissues such as the lung. CPAM is a congenital disease characterized by cystic formations in the airways during fetal lung development and represents a model of study of congenital lung malformations which include the more complex form of pediatric interstitial lung disease. To date, surgery remains the only solution in symptomatic forms of CPAM (Leblanc et al., 2017). The regenerative process in the lung depends on a pool of lung MSCs which should allow lung regeneration with the maintenance of normal architecture during the regeneration phase (Pelizzo et al., 2017).
MSCs-based therapies represent a valid alternative for chronic lung diseases. However, it is known that MSCs, after transplantation, reduce their proliferative, survival, engraftment and paracrine properties. Several clinical studies have investigated cell therapy in chronic lung diseases (Kotton, 2012; Wecht and Rojas, 2016). The safety of MSCs therapy has only been demonstrated at an early stage and the relatively small number of recruited patients represents limitations yet to be overcome. The limited number of eligible lung donors and the potential risk of immunosuppression in patients associated with transplantation require further investigation (Weiss, 2014). Therefore, it is necessary to find strategies to improve the regenerative capacities of MSCs. The potential to enhance the benefits of MSCs has provided new opportunities that should be further explored. Indeed, the beneficial effects of hypoxic culture on proliferation and differentiation potentials of MSCs have been suggested as a strategy to improve MSCs’ properties (Grayson et al., 2007; Hung et al., 2012). As previously demonstrated (Pelizzo et al., 2017), results of the characterization of MSCs-lung and MSCs-CPAM demonstrated that the cells were adherent to the plastic and have the characteristic “spindle-shaped” morphology typical of MSCs. Moreover, hypoxic treatment did not induce morphological changes in MSCs demonstrating that it has no significant effects on the phenotype of MSCs, as already observed in other MSCs types (Valorani et al., 2012; Choi et al., 2014). Considering the involvement of hypoxia in increasing MSCs’ properties, it was performed transcriptomic analysis focused on the comparison of MSCs-lung-Normoxia against MSCs-lung-Hypoxia and MSCs-CPAM-Normoxia against MSCs-CPAM-Hypoxia, in order to evaluate the impact of 24 h of hypoxia (0.2% O2) in MSCs-CPAM compared to MSCs-lung.
First, the effects of hypoxia on proliferation and cell cycle were evaluated. It is known that to ensure cell proliferation, the cell cycle must be controlled by a regulatory network and the transition from G1 to S phase must be highly controlled. In our analysis, data suggest the existence of O2-dependent mechanisms that control cell proliferation. In the cell cycle, cyclins bind to cyclin-dependent kinases (CDK) in the G1 phase, then this will activate them and promote the phosphorylation of the retinoblastoma protein (Rb), with consequent release of E2F. E2F is a transcription factor that regulates the expression of proteins necessary for the transition from G1 to S (Bracken et al., 2004). Study results showed that the hypoxia conditions up-regulated CCNE2 and CDK2 genes in both MSCs-lung and MSCs-CPAM, CCNA2 was up-regulated only in MSCs-lung and CDK6 only in MSCs-CPAM. There are two classes of CDK inhibitory proteins (CDKI), p15, p16, p18, and p19, and the CDK protein/kinase inhibitory protein (CIP/KIP), composed of p21, p27, and p57 (Pavletich, 1999; Sherr and Roberts, 1999). Hypoxia reduced the expression of genes CDKN1B, CDKN2A and CDKN2B belonging to both classes in MSCs-CPAM; instead, it up-regulates two genes in the MSCs-lung CDKN2C and CDKN2D, and down-regulates two more CDKN1A and CDKN2B. In this way, it would appear that hypoxia facilitates the transition from G1 phase to the S phase better in MSCs-CPAM than in MSCs-lung. Indeed, RB1, the gene encoding Rb, was up-regulated by hypoxia only in the MSCs-CPAM comparison. The E2F1 gene, encoding the transcription factor E2F required for the transition from G1 to S were upregulated from hypoxia in both comparisons. However, the genes TFDP1 and TFDP2, encoding the complex that controls the transcriptional activity of the numerous genes involved in the transition from G1 to S phase were upregulated by hypoxia only in the MSCs-lung comparison. As the G1/S transition is essential for cell cycle progression, these data demonstrate the maintenance of a high proliferative capacity in both MSCs-lung and MSCs-CPAM, as can be seen in Figure 1. In order to confirm cell proliferation, the Ki-67 Western blot investigation was performed, the results of which are presented in Figure 5. The cell proliferation antigen Ki-67 (Ki-67 or Ki67) is constitutively expressed in cells and is widely used as a marker of cell proliferation (Sobecki et al., 2016). Consistent with in vitro and RNA-seq investigations, Western blot analysis demonstrated that Ki-67 expression was significantly increased by hypoxia in both MSCs-CPAM and MSCs-lung (Figure 5), showing that hypoxia enhances the proliferation rate in MSCs. Moreover, it has been observed that cell cycle progression appears to be necessary for differentiation towards certain cell fates. Indeed, there appears to be a relationship between the cell cycle and cell differentiation (Jakoby and Schnittger, 2004). In particular, it has been observed that a cyclin of type D, proteins of the Rb family and CDK inhibitors, a subset of the phase transition proteins from G1 to S, are particularly involved in cell differentiation. Thus, some cell cycle proteins may regulate differentiation pathways, while simultaneously performing their cell cycle functions, as has been observed in terminal differentiation in the mammary epithelium (Caldon et al., 2010). In this context, recent evidence suggests that the tumor suppressor p53, in addition to the classical oncosuppressive activity, seems to have a role in the regulation of differentiation and development (Molchadsky et al., 2010). p53 regulates DNA repair, cell cycle, apoptosis, and senescence and cell proliferation (Liu et al., 2015b). Interestingly, in our analysis, the TP53 gene that encodes for p53 was downregulated by hypoxia in both comparisons. Instead, the CDKN1A gene that encodes for p21, the main p53 target gene was downregulated only in MSCs-lung. Evidence of a significant decrease in p53 expression in both comparisons in hypoxic conditions was also confirmed at the protein level by Western analysis (Figure 4), suggesting that hypoxia ameliorates proliferation in both comparisons.
The results obtained show that hypoxia, in addition to stimulating the downstream genes to mediate the proliferation process, seems to deregulate the expression of the genes involved in the apoptosis process (Figure 3B). It is known that hypoxia preconditioning enhances the survival of MSCs, indeed it was observed that BMSCs in ischaemic tissues increased autophagy and decreased apoptosis, suggesting that hypoxia may result in a protective effect in MSCs. Hypoxia condition induces a similar effect also in BMSC survival in vivo (Liu et al., 2015a). Several findings demonstrated that 1–2% O2 enhances the proliferation rate of human adipose-derived mesenchymal stem cells (Fotia et al., 2015; Wan Safwani et al., 2016). These evidences indicate that more deep investigations are necessary in order to improve stem cell function under stressed or pathological conditions. In this regard, our study results showed that hypoxia, in addition to reducing the pro-apoptotic TP53 gene in both MSCs-lung and MSCs-CPAM, increases the levels of factors that negatively regulate the apoptosis processes, such as SERPINE1 and GTSE1, in both comparisons. The overexpression of SERPINE1 would appear to protect cells from apoptosis and increase cell migration while GTSE1 acts as a negative p53 regulator (Monte et al., 2004; Pavón et al., 2015). In addition, in MSCs-lung are highlighted down-regulated genes BBC3, BID and PMAIP1, known for their pro-apoptotic activity. BBC3 and PMAIP1 belong to the pro-apoptotic class BH3 and are part of the apoptotic cascade mediated by p53, and BID is a mediator of mitochondrial damage induced by CASP8 and determines the release of cytochrome c (Westphal et al., 2011; Hikisz and Kiliańska, 2012). In compliance with the RNA-seq analysis, Western blot and statistical analyses also showed a significant increase in the expression of cleaved-caspase 3 in MSCs-CPAM grown under hypoxic conditions more than in MSCs-CPAM maintained in standard atmospheric parameters. Contrarily, no significant difference was observed in the comparison of MSCs-lung under normoxic conditions compared to MSCs-lung under hypoxic conditions (Figure 5). This caspase is responsible for most of the proteolysis during apoptosis and the detection of cleaved caspase-3 is therefore considered a marker of apoptosis (Poreba et al., 2013). Therefore it would appear that hypoxia better protects MSCs-lungs from hypoxia than MSCs-CPAMs. Instead, in MSCs-CPAM, even though the CASP3 gene was overexpressed by hypoxia, other apoptotic genes such as CASP8, FAS and TNFRSF10B were downregulated. CASP8 encodes the Caspase 8 protein, a member of the cysteine-aspartic acid protease family, which is important in the execution phase of cellular apoptosis (Kruidering and Evan, 2000). In compliance with the transcriptomic analysis, also the Western analysis showed a significant reduction of the protein expression levels of cleaved-caspase-8 in MSCs-CPAM subjected to hypoxic conditions (Figure 5). FAS is a gene that codes for a member of the TNF receptor superfamily, involved in the regulation of programmed cell death. The interaction of this receptor induces the formation of a death-inducing signaling complex that includes Fas-associated death domain protein and caspase 8 (Waring and Mullbacher, 1999). TNFRSF10B encodes TNF Receptor Superfamily Member 10b, a receptor transduces an apoptosis signal (Zhao et al., 2014). Thus the downregulation of these pro-apoptotic genes and upregulation of those anti-apoptotic seems to protect more MSCs-lung than MSCs-CPAM from apoptosis. Further studies are needed to deepen the effect of hypoxia on the apoptotic process in MSCs-CPAM.
Stem cells constantly encounter hypoxic stress that hinders aerobic metabolism. Therefore, the upregulation of genes in the “Glycolysis/Gluconeogenesis” pathway under hypoxic compared to normoxic conditions, in both cell types, suggest that anaerobic metabolism was increased. In detail, ALDOA and ALDOC encode for two aldolase isoenzymes (A and C). They are two glycolytic enzymes that catalyze the reversible conversion of fructose-1,6-bisphosphate into glyceraldehyde 3-phosphate and dihydroxyacetone phosphate. In this analysis, hypoxia upregulated both genes in MSCs-lung, while in MSCs-CPAM only the ALDOC gene was upregulated. Hypoxia also upregulated ENO1, ENO2, and ENO3 in MSCs-CPAM, while in MSCs-lung it upregulates only ENO1 and ENO2. In mammals, three genes encoding for three isoforms of the enzyme, α-enolase (ENOA), γ-enolase and β-enolase, respectively (Capello et al., 2011). In the second half of the glycolytic pathway, these enzymes promote the dehydration of 2-phospho-D-glycerate to phosphoenolpyruvate; conversely, in gluconeogenesis, these enzymes catalyze the hydration of phosphoenolpyruvate to 2-phospho-D-glycerate (Pancholi, 2001). GP1, GAPDH and LDHA are hypoxia-upregulated genes in both MSCs-lung and MSCs-CPAM. The GP1 gene encodes the glucose-6-phosphate isomerase, responsible for the conversion of glucose-6-phosphate to fructose-6-phosphate, the second phase of glycolysis, and for the reverse reaction during gluconeogenesis (Kugler and Lakomek, 2000). Furthermore, in addition to its main role as a glycolytic enzyme, it can act as an angiogenic factor by promoting the motility of endothelial cells (Funasaka et al., 2001). GAPDH encodes glyceraldehyde-3-phosphate dehydrogenase, an enzyme important in glycolysis that promotes the conversion of D-glyceraldehyde 3-phosphate to 3-phospho-D-glyceroyl phosphate (Sirover, 2021). Furthermore, it has been observed that this enzyme also modulates the organization and assembly of the cytoskeleton (Schmitz and Bereiter-Hahn, 2002). LDHA encodes lactate dehydrogenase A, involved in the conversion of pyruvate into lactic acid during the last phase of glycolysis. Additionally, increased LDHA expression is required for glycolysis maintenance (Zheng et al., 2021). Therefore, the upregulation of the genes that code for glycolytic enzymes and the increase of the gene that codes for Lactate Dehydrogenase, make both MSCs-lung and MSCs-CPAM more dependent on anaerobic glycolysis for energy supply. These results would highlight the ability of hypoxia to facilitate the metabolic transition necessary to support the energy demands. Thus, the MSCs subjected to hypoxic challenges, increased genes encoding the glucose-6-phosphatase transporter, lactate dehydrogenase-A, glycolytic enzymes and glucose transporters to facilitate the glycolytic pathway. In this way, the modulation of glucose metabolism in MSCs, together with the down-regulation of anti-apoptotic factors represent a strategy to protect MSCs from apoptosis, improving their viability in hypoxic conditions (Hu et al., 2008).
Several studies have shown that MSCs in hypoxic conditions have a high regenerative potential. It has been seen that hypoxia increase cell proliferation, survival in damaged tissues after transplantation, and secretion of several bioactive factors (Noronha et al., 2019). Short-term hypoxic exposures induce functional changes in MSCs, such as alteration of glycolysis, reorganization of the cytoskeleton, and increased migratory activity (Zhidkova et al., 2021). In addition, mesenchymal-epithelial interaction plays an essential role in regeneration processes where it contributes to the maintenance of tissue homeostasis and its repair against damage (Demayo et al., 2002).
In this context, we inspected DEGs involved in epithelium development. Among all the pathways found in the two comparisons, “Regulation of actin cytoskeleton,” “Focal adhesion,” and “PI3K-Akt signaling pathway,” were common pathways observed (Figure 4). This result is in compliance with the cell cycle activation given the involvement of the regulation of the cytoskeleton in cell proliferation (Bendris et al., 2015). The actin cytoskeleton is known to regulate cell adhesion and motility through its intricate participation in signal transduction and structural modifications. In both comparisons the hypoxic condition, upregulating many of the genes involved in this pathway, could reorganize the cytoskeleton thus influencing the processes necessary for the regulation of epithelia.
Among these genes, RHOA appears upregulated in MSCs-lung under hypoxic conditions compared to MSCs-lung in normoxic conditions. While RAC1 appears upregulated in hypoxic conditions compared to normoxia in both MSCs-lung and MSC-CPAM, CDC42 instead appears upregulated only in MSCs-lung in hypoxic conditions compared to MSCs-lung-Normoxia. These genes encode for members of the Rho family of small guanosine triphosphatases (GTPases), involved in the regulation of actin remodeling, adhesion site formation, and actomyosin contraction (Hall, 1998; Nobes and Hall, 1999). RAC1 is involved in the formation of focal complexes and the formation of lamellipods through the polymerization of actin, while CDC42 is mainly involved in cell polarity and phyllopod formation and transmits environmental signals to effector proteins, setting the orientation of the cell (Hanna and El-Sibai, 2013). The RHOA signaling cascade is believed to play an essential role in the migration of MSCs. Vertelov et al. found that in MSCs hypoxic conditions develop greater motility than normoxia in relation to RHOA activation hypoxia-induced, suggesting that elevated MSCs migration may occur through increased activation of RHOA (Vertelov et al., 2013). Therefore, hypoxia in MSCs-lung cells, through the upregulation of RHOA and CDC42, could increase the regulation of cell adhesion and migration processes.
RHOA activation occurs through a variety of factors such as growth factors, cytokines, adhesion molecules, integrins, G proteins and other biologically active substances (Loirand et al., 2006). During repair processes, components within the cellular matrix interact with integrins (Chen and Parks, 2009). Integrins are heterodimeric transmembrane glycoproteins receptors formed by non-covalently associated α and β subunits. It has been observed that hypoxic conditions, as well as promoting MSCs migration, self-renewal and delaying senescence, also induce an increase in subunits α1, α3, α5, α6, α11, αv, β1, and β3 (Saller et al., 2012). In our analysis, many integrin-coding genes were more up-regulated by hypoxia in MSCs-lung than in MSCs-CPAM. In detail, ITGA5 and ITGB5 are up-regulated in both comparisons, while ITGA10 was up-regulated only in MSCs-CPAM. In MSCs-lung, instead, hypoxia upregulated ITGA2B, ITGA4, and ITGB1. In compliance with the RNA-seq analysis, Western blot and statistical analyzes showed a significant increase in the expression of ITGA4 in MSCs-lung. However, evidence of a significant enhancement in ITGA4 expression was also observed in MSCs-CPAM under hypoxia conditions compared to MSCs-CPAM in normoxic conditions, suggesting that hypoxia could improve MSCs properties. Indeed, it is known that the expression of ITGA4 in MSC mediates cellular adhesion and cell migration (Ocansey et al., 2020). In particular, the formation of heterodimers consisting of ITGB1 and ITGA4 increases the homing properties of MSCs (Kwon et al., 2018). Therefore, overexpression of integrins, especially in MSCs-lung, could promote the epithelial repair process.
Phosphatidylinositol 3-kinases (PI3Ks) are the well-known regulators of cell motility. In this study, hypoxia has induced the deregulation of the genes encoding for PI3Ks, in particular in MSCs-lung PIK3CB was up-regulated, while in MSCs-CPAM PIK3CD was up-regulated. However, in MSCs-CPAM the upregulation of this gene was counteracted by the downregulation of the PIK3R1 gene. The PI3Ks are involved in cell proliferation, cell transformation, paracrine function and angiogenesis (Zhang et al., 2014). It is known that the PI3K/AKT pathway plays an important role in cell proliferation induced by hypoxia (Sheng et al., 2017). In compliance with this finding, hypoxia upregulated PI3K in MSCs-lung more than in MSCs-CPAM.
In conclusion, hypoxia treatment results in cell cycle activation with increased proliferative capacity and increased cell anaerobic metabolism in both MSCs-lung and MSCs-CPAM. The analysis suggests a reduction in the apoptotic process in both comparisons, although two pro-apoptotic genes were observed up-regulated in MSCs-CPAM. Finally, data obtained indicate that hypoxia leads to a greater expression of more factors involved in cell motility, proliferation and cell migration in MSCs-lung than MSCs-CPAM (Figure 6). Therefore, the study data highlights that MSCs-CPAMs like MSCs-lungs can be isolated and expanded in vitro and exhibit morphology, phenotype and characteristics typical of MSCs. Noteworthy, these results suggest that exposing MSCs to hypoxia could be considered an innovative approach to lung repair and regeneration during disease progression and/or as post-surgical lung support after lung resection and encourages future studies to evaluate the importance of lung-derived MSCs in normal and pathological conditions.
[image: Figure 6]FIGURE 6 | Representation of DEGs observed in the MSCs-lung or MSCs-CPAM in hypoxia condition. The figure was made taking the images from Servier Medical Art (available at http://smart.servier.com/accessed on 20 January 2022), licensed under a Creative Commons Attribution 3.0 Unported License (https://creativecommons.org/licenses/by/3.0/accessed on 20 January 2022).
DATA AVAILABILITY STATEMENT
The datasets presented in this study can be found in online repositories. The names of the repository/repositories and accession number(s) can be found below: https://www.ncbi.nlm.nih.gov/, PRJNA800623, https://www.ncbi.nlm.nih.gov/, PRJNA752960.
ETHICS STATEMENT
The studies involving human participants were reviewed and approved by the Institutional Review Board of the “G. Di Cristina "(registration number 87 Civico 2017). Written informed consent to participate in this study was provided by the participants' legal guardian/next of kin.
AUTHOR CONTRIBUTIONS
SS, FD and VZ wrote the manuscript. LC performed the computational and statistical analysis. GM, JP and FD performed cellular experiment. MA isolated MSCs. AV performed the library preparation. VC, GP and EM designed the study and revised the manuscript.
FUNDING
This study was supported by Current Research Funds 2021, Ministry of Health, Italy and FISR2020IP_02959 Fondo integrativo Speciale per la Ricerca.
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
REFERENCES
 Adzick, N. S. (2009). Management of Fetal Lung Lesions. Clin. Perinatology 36 (2), 363–376. doi:10.1016/j.clp.2009.03.001
 Anders, S., Pyl, P. T., and Huber, W. (2015). HTSeq--a Python Framework to Work with High-Throughput Sequencing Data. Bioinformatics 31 (2), 166–169. doi:10.1093/bioinformatics/btu638
 Annabi, B., Lee, Y. T., Turcotte, S., Naud, E., Desrosiers, R. R., Champagne, M., et al. (2003). Hypoxia Promotes Murine Bone‐Marrow‐Derived Stromal Cell Migration and Tube Formation. Stem Cells 21 (3), 337–347. doi:10.1634/stemcells.21-3-337
 Aslan, A. T., Yalcin, E., Soyer, T., Dogru, D., Talim, B., Ciftci, A. O., et al. (2006). Prenatal Period to Adolescence: the Variable Presentations of Congenital Cystic Adenomatoid Malformation. Pediatr. Int. 48 (6), 626–630. doi:10.1111/j.1442-200X.2006.02264.x
 Attrill, H., Gaudet, P., Huntley, R. P., Lovering, R. C., Engel, S. R., Poux, S., et al. (2019). Annotation of Gene Product Function from High-Throughput Studies Using the Gene Ontology. Database 2019, 1–8. doi:10.1093/database/baz007
 Bendris, N., Lemmers, B., and Blanchard, J. M. (2015). Cell Cycle, Cytoskeleton Dynamics and beyond: the Many Functions of Cyclins and CDK Inhibitors. Cell. Cycle 14 (12), 1786–1798. doi:10.1080/15384101.2014.998085
 Bolger, A. M., Lohse, M., and Usadel, B. (2014). Trimmomatic: a Flexible Trimmer for Illumina Sequence Data. Bioinformatics 30 (15), 2114–2120. doi:10.1093/bioinformatics/btu170
 Bracken, A. P., Ciro, M., Cocito, A., and Helin, K. (2004). E2F Target Genes: Unraveling the Biology. Trends Biochem. Sci. 29 (8), 409–417. doi:10.1016/j.tibs.2004.06.006
 Caldon, C. E., Sutherland, R. L., and Musgrove, E. A. (2010). Cell Cycle Proteins in Epithelial Cell Differentiation: Implications for Breast Cancer. Cell. Cycle 9 (10), 1918–1928. doi:10.4161/cc.9.10.11474
 Capello, M., Ferri-Borgogno, S., Cappello, P., and Novelli, F. (2011). α-Enolase: a Promising Therapeutic and Diagnostic Tumor Target. FEBS J. 278 (7), 1064–1074. doi:10.1111/j.1742-4658.2011.08025.x
 Chen, P., and Parks, W. C. (2009). Role of Matrix Metalloproteinases in Epithelial Migration. J. Cell. Biochem. 108 (6), 1233–1243. doi:10.1002/jcb.22363
 Choi, J. R., Pingguan-Murphy, B., Wan Abas, W. A. B., Noor Azmi, M. A., Omar, S. Z., Chua, K. H., et al. (2014). Impact of Low Oxygen Tension on Stemness, Proliferation and Differentiation Potential of Human Adipose-Derived Stem Cells. Biochem. Biophysical Res. Commun. 448 (2), 218–224. doi:10.1016/j.bbrc.2014.04.096
 Chun, S. Y., Kim, H. T., Lee, J.-S., Kim, M. J., Kim, B. S., Kim, B. W., et al. (2012). Characterization of Urine-Derived Cells from Upper Urinary Tract in Patients with Bladder Cancer. Urology 79 (5), e1–1186. doi:10.1016/j.urology.2011.12.034
 Colter, D. C., Sekiya, I., and Prockop, D. J. (2001). Identification of a Subpopulation of Rapidly Self-Renewing and Multipotential Adult Stem Cells in Colonies of Human Marrow Stromal Cells. Proc. Natl. Acad. Sci. U.S.A. 98 (14), 7841–7845. doi:10.1073/pnas.141221698
 Dadon-Nachum, M., Melamed, E., and Offen, D. (2011). Stem Cells Treatment for Sciatic Nerve Injury. Expert Opin. Biol. Ther. 11 (12), 1591–1597. doi:10.1517/14712598.2011.628933
 Demayo, F., Minoo, P., Plopper, C. G., Schuger, L., Shannon, J., and Torday, J. S. (2002). Mesenchymal-epithelial Interactions in Lung Development and Repair: Are Modeling and Remodeling the Same Process?Am. J. Physiology-Lung Cell. Mol. Physiology 283 (3), L510–L517. doi:10.1152/ajplung.00144.2002
 Dobin, A., Davis, C. A., Schlesinger, F., Drenkow, J., Zaleski, C., Jha, S., et al. (2013). STAR: Ultrafast Universal RNA-Seq Aligner. Bioinformatics 29 (1), 15–21. doi:10.1093/bioinformatics/bts635
 Duncombe, G. J., Dickinson, J. E., and Kikiros, C. S. (2002). Prenatal Diagnosis and Management of Congenital Cystic Adenomatoid Malformation of the Lung. Am. J. obstetrics Gynecol. 187 (4), 950–954. doi:10.1067/mob.2002.127460
 Fan, L., Liu, R., Li, J., Shi, Z., Dang, X., and Wang, K. (2015). Low Oxygen Tension Enhances Osteogenic Potential of Bone Marrow-Derived Mesenchymal Stem Cells with Osteonecrosis-Related Functional Impairment. Stem Cells Int. 2015, 1–8. doi:10.1155/2015/950312
 Fotia, C., Massa, A., Boriani, F., Baldini, N., and Granchi, D. (2015). Hypoxia Enhances Proliferation and Stemness of Human Adipose-Derived Mesenchymal Stem Cells. Cytotechnology 67 (6), 1073–1084. doi:10.1007/s10616-014-9731-2
 Friedenstein, A. J., Gorskaja, J. F., and Kulagina, N. N. (1976). Fibroblast Precursors in Normal and Irradiated Mouse Hematopoietic Organs. Exp. Hematol. 4 (5), 267–274.
 Funasaka, T., Haga, A., Raz, A., and Nagase, H. (2001). Tumor Autocrine Motility Factor Is an Angiogenic Factor that Stimulates Endothelial Cell Motility. Biochem. Biophysical Res. Commun. 285 (1), 118–128. doi:10.1006/bbrc.2001.5135
 Gajewska-Knapik, K., and Impey, L. (2015). Congenital Lung Lesions: Prenatal Diagnosis and Intervention. Seminars Pediatr. Surg. 24 (4), 156–159. doi:10.1053/j.sempedsurg.2015.01.012
 Grayson, W. L., Zhao, F., Bunnell, B., and Ma, T. (2007). Hypoxia Enhances Proliferation and Tissue Formation of Human Mesenchymal Stem Cells. Biochem. Biophysical Res. Commun. 358 (3), 948–953. doi:10.1016/j.bbrc.2007.05.054
 Hall, A. (1998). Rho GTPases and the Actin Cytoskeleton. Science 279 (5350), 509–514. doi:10.1126/science.279.5350.509
 Hanna, S., and El-Sibai, M. (2013). Signaling Networks of Rho GTPases in Cell Motility. Cell. Signal. 25 (10), 1955–1961. doi:10.1016/j.cellsig.2013.04.009
 Hikisz, P., and Kiliańska, Z. (2012). Puma, a Critical Mediator of Cell Death - One Decade on from its Discovery. Cell. Mol. Biol. Lett. 17 (4), 646–669. doi:10.2478/s11658-012-0032-5
 Hu, X., Yu, S. P., Fraser, J. L., Lu, Z., Ogle, M. E., Wang, J.-A., et al. (2008). Transplantation of Hypoxia-Preconditioned Mesenchymal Stem Cells Improves Infarcted Heart Function via Enhanced Survival of Implanted Cells and Angiogenesis. J. Thorac. Cardiovasc. Surg. 135 (4), 799–808. doi:10.1016/j.jtcvs.2007.07.071
 Huang, G. T.-J., Gronthos, S., and Shi, S. (2009). Mesenchymal Stem Cells Derived from Dental Tissuesvs. Those from Other Sources: Their Biology and Role in Regenerative Medicine. J. Dent. Res. 88 (9), 792–806. doi:10.1177/0022034509340867
 Hung, S.-P., Ho, J. H., Shih, Y.-R. V., Lo, T., and Lee, O. K. (2012). Hypoxia Promotes Proliferation and Osteogenic Differentiation Potentials of Human Mesenchymal Stem Cells. J. Orthop. Res. 30 (2), 260–266. doi:10.1002/jor.21517
 Jakoby, M., and Schnittger, A. (2004). Cell Cycle and Differentiation. Curr. Opin. Plant Biol. 7 (6), 661–669. doi:10.1016/j.pbi.2004.09.015
 Kaviani, A., Guleserian, K., Perry, T. E., Jennings, R. W., Ziegler, M. M., and Fauza, D. O. (2003). Fetal Tissue Engineering from Amniotic Fluid. J. Am. Coll. Surg. 196 (4), 592–597. doi:10.1016/s1072-7515(02)01834-3
 Khan, M., Akhtar, S., Mohsin, S., N. Khan, S., and Riazuddin, S. (2011). Growth Factor Preconditioning Increases the Function of Diabetes-Impaired Mesenchymal Stem Cells. Stem Cells Dev. 20 (1), 67–75. doi:10.1089/scd.2009.0397
 Kotton, D. N. (2012). Next-Generation Regeneration. Am. J. Respir. Crit. Care Med. 185 (12), 1255–1260. doi:10.1164/rccm.201202-0228PP
 Krampera, M., Glennie, S., Dyson, J., Scott, D., Laylor, R., Simpson, E., et al. (2003). Bone Marrow Mesenchymal Stem Cells Inhibit the Response of Naive and Memory Antigen-specific T Cells to Their Cognate Peptide. Blood, J. Am. Soc. Hematol. 101 (9), 3722–3729. doi:10.1182/blood-2002-07-2104
 Krampera, M., Pasini, A., Pizzolo, G., Cosmi, L., Romagnani, S., and Annunziato, F. (2006). Regenerative and Immunomodulatory Potential of Mesenchymal Stem Cells. Curr. Opin. Pharmacol. 6 (4), 435–441. doi:10.1016/j.coph.2006.02.008
 Kruidering, M., and Evan, G. (2000). Caspase-8 in Apoptosis: The Beginning of "The End"?Tbmb 50 (2), 85–90. doi:10.1080/713803693
 Kugler, W., and Lakomek, M. (2000). Glucose-6-phosphate Isomerase Deficiency. Best Pract. Res. Clin. Haematol. 13 (1), 89–101. doi:10.1053/beha.1999.0059
 Kwon, H., Kim, M., Seo, Y., Moon, Y. S., Lee, H. J., Lee, K., et al. (2018). Emergence of Synthetic mRNA: In Vitro Synthesis of mRNA and its Applications in Regenerative Medicine. Biomaterials 156, 172–193. doi:10.1016/j.biomaterials.2017.11.034
 Laberge, J. M., Flageole, H., Pugash, D., Khalife, S., Blair, G., Filiatrault, D., et al. (2001). Outcome of the Prenatally Diagnosed Congenital Cystic Adenomatoid Lung Malformation: a Canadian Experience. Fetal Diagn Ther. 16 (3), 178–186. doi:10.1159/000053905
 Leblanc, C., Baron, M., Desselas, E., Phan, M. H., Rybak, A., Thouvenin, G., et al. (2017). Congenital Pulmonary Airway Malformations: State-Of-The-Art Review for Pediatrician's Use. Eur. J. Pediatr. 176 (12), 1559–1571. doi:10.1007/s00431-017-3032-7
 Liu, J., Hao, H., Huang, H., Tong, C., Ti, D., Dong, L., et al. (2015a). Hypoxia Regulates the Therapeutic Potential of Mesenchymal Stem Cells through Enhanced Autophagy. Int. J. Low. Extrem. Wounds 14 (1), 63–72. doi:10.1177/1534734615573660
 Liu, J., Zhang, C., Hu, W., and Feng, Z. (2015b). Tumor Suppressor P53 and its Mutants in Cancer Metabolism. Cancer Lett. 356 (2), 197–203. doi:10.1016/j.canlet.2013.12.025
 Loirand, G., Guilluy, C., and Pacaud, P. (2006). Regulation of Rho Proteins by Phosphorylation in the Cardiovascular System. Trends Cardiovasc. Med. 16 (6), 199–204. doi:10.1016/j.tcm.2006.03.010
 Lou, S., Duan, Y., Nie, H., Cui, X., Du, J., and Yao, Y. (2021). Mesenchymal Stem Cells: Biological Characteristics and Application in Disease Therapy. Biochimie 185, 9–21. doi:10.1016/j.biochi.2021.03.003
 Love, M. I., Huber, W., and Anders, S. (2014). Moderated Estimation of Fold Change and Dispersion for RNA-Seq Data with DESeq2. Genome Biol. 15 (12), 550. doi:10.1186/s13059-014-0550-8
 MacSweeney, F., Papagiannopoulos, K., Goldstraw, P., Sheppard, M. N., Corrin, B., and Nicholson, A. G. (2003). An Assessment of the Expanded Classification of Congenital Cystic Adenomatoid Malformations and Their Relationship to Malignant Transformation. Am. J. Surg. Pathology 27 (8), 1139–1146. doi:10.1097/00000478-200308000-00012
 Minguell, J. J., Erices, A., and Conget, P. (2001). Mesenchymal Stem Cells. Exp. Biol. Med. (Maywood) 226 (6), 507–520. doi:10.1177/153537020122600603
 Molchadsky, A., Rivlin, N., Brosh, R., Rotter, V., and Sarig, R. (2010). p53 Is Balancing Development, Differentiation and De-differentiation to Assure Cancer Prevention. Carcinogenesis 31 (9), 1501–1508. doi:10.1093/carcin/bgq101
 Monte, M., Benetti, R., Collavin, L., Marchionni, L., Del Sal, G., and Schneider, C. (2004). hGTSE-1 Expression Stimulates Cytoplasmic Localization of P53. J. Biol. Chem. 279 (12), 11744–11752. doi:10.1074/jbc.M311123200
 Nobes, C. D., and Hall, A. (1999). Rho GTPases Control Polarity, Protrusion, and Adhesion during Cell Movement. J. Cell. Biol. 144 (6), 1235–1244. doi:10.1083/jcb.144.6.1235
 Noronha, N. D., Mizukami, A., Caliari-Oliveira, C., Cominal, J. G., Rocha, J. L. M., Covas, D. T., et al. (2019). Priming Approaches to Improve the Efficacy of Mesenchymal Stromal Cell-Based Therapies. Stem Cell. Res. Ther. 10, 132. doi:10.1186/s13287-019-1224-y
 Ocansey, D. K. W., Pei, B., Yan, Y., Qian, H., Zhang, X., Xu, W., et al. (2020). Improved Therapeutics of Modified Mesenchymal Stem Cells: an Update. J. Transl. Med. 18 (1), 42. doi:10.1186/s12967-020-02234-x
 Pancholi, V. (2001). Multifunctional α-enolase: its Role in Diseases. CMLS, Cell. Mol. Life Sci. 58 (7), 902–920. doi:10.1007/pl00000910
 Parekkadan, B., and Milwid, J. M. (2010). Mesenchymal Stem Cells as Therapeutics. Annu. Rev. Biomed. Eng. 12, 87–117. doi:10.1146/annurev-bioeng-070909-105309
 Pavletich, N. P. (1999). Mechanisms of Cyclin-dependent Kinase Regulation: Structures of Cdks, Their Cyclin Activators, and Cip and INK4 Inhibitors. J. Mol. Biol. 287 (5), 821–828. doi:10.1006/jmbi.1999.2640
 Pavón, M. A., Arroyo-Solera, I., Téllez-Gabriel, M., León, X., Virós, D., López, M., et al. (2015). Enhanced Cell Migration and Apoptosis Resistance May Underlie the Association between High SERPINE1 Expression and Poor Outcome in Head and Neck Carcinoma Patients. Oncotarget 6 (30), 29016–29033. doi:10.18632/oncotarget.5032
 Pelizzo, G., Avanzini, M. A., Folini, M., Bussani, R., Mantelli, M., Croce, S., et al. (2017). CPAM Type 2-derived Mesenchymal Stem Cells: Malignancy Risk Study in a 14-Month-Old Boy. Pediatr. Pulmonol. 52 (8), 990–999. doi:10.1002/ppul.23734
 Pelizzo, G., Avanzini, M. A., Lenta, E., Mantelli, M., Croce, S., Catenacci, L., et al. (2020). Allogeneic Mesenchymal Stromal Cells: Novel Therapeutic Option for Mutated FLNA‐associated Respiratory Failure in the Pediatric Setting. Pediatr. Pulmonol. 55 (1), 190–197. doi:10.1002/ppul.24497
 Pelizzo, G., Barbi, E., Codrich, D., Lembo, M. A., Zennaro, F., Bussani, R., et al. (2009). Chronic Inflammation in Congenital Cystic Adenomatoid Malformations. An Underestimated Risk Factor?J. Pediatr. Surg. 44 (3), 616–619. doi:10.1016/j.jpedsurg.2008.10.064
 Pelizzo, G., Silvestro, S., Avanzini, M. A., Zuccotti, G., Mazzon, E., and Calcaterra, V. (2021). Mesenchymal Stromal Cells for the Treatment of Interstitial Lung Disease in Children: A Look from Pediatric and Pediatric Surgeon Viewpoints. Cells 10 (12), 3270. doi:10.3390/cells10123270
 Peters, R., Burge, D., and Marven, S. (2013). Congenital Lung Malformations: an Ongoing Controversy. annals 95 (2), 144–147. doi:10.1308/003588412X13373405387735
 Pittenger, M. F., and Martin, B. J. (2004). Mesenchymal Stem Cells and Their Potential as Cardiac Therapeutics. Circulation Res. 95 (1), 9–20. doi:10.1161/01.RES.0000135902.99383.6f
 Pokrywczynska, M., Rasmus, M., Jundzill, A., Balcerczyk, D., Adamowicz, J., Warda, K., et al. (2019). Mesenchymal Stromal Cells Modulate the Molecular Pattern of Healing Process in Tissue-Engineered Urinary Bladder: the Microarray Data. Stem Cell. Res. Ther. 10 (1), 176. doi:10.1186/s13287-019-1266-1
 Poreba, M., Strózyk, A., Salvesen, G. S., and Drag, M. (2013). Caspase Substrates and Inhibitors. Cold Spring Harb. Perspect. Biol. 5 (8), a008680. doi:10.1101/cshperspect.a008680
 Saller, M. M., Prall, W. C., Docheva, D., Schönitzer, V., Popov, T., Anz, D., et al. (2012). Increased Stemness and Migration of Human Mesenchymal Stem Cells in Hypoxia Is Associated with Altered Integrin Expression. Biochem. Biophysical Res. Commun. 423 (2), 379–385. doi:10.1016/j.bbrc.2012.05.134
 Schmitz, H., and Bereiter-Hahn, J. (2002). Glyceraldehyde-3-phosphate Dehydrogenase Associates with Actin Filaments in Serum Deprived NIH 3T3 Cells Only. Cell. Biol. Int. 26 (2), 155–164. doi:10.1006/cbir.2001.0819
 Sheng, L., Mao, X., Yu, Q., and Yu, D. (2017). Effect of the PI3K/AKT Signaling Pathway on Hypoxia-Induced Proliferation and Differentiation of Bone Marrow-Derived Mesenchymal Stem Cells. Exp. Ther. Med. 13 (1), 55–62. doi:10.3892/etm.2016.3917
 Sherr, C. J., and Roberts, J. M. (1999). CDK Inhibitors: Positive and Negative Regulators of G1-phase Progression. Genes. & Dev. 13 (12), 1501–1512. doi:10.1101/gad.13.12.1501
 Sirover, M. A. (2021). The Role of Posttranslational Modification in Moonlighting Glyceraldehyde-3-Phosphate Dehydrogenase Structure and Function. Amino Acids 53 (4), 507–515. doi:10.1007/s00726-021-02959-z
 Sobecki, M., Mrouj, K., Camasses, A., Parisis, N., Nicolas, E., Llères, D., et al. (2016). The Cell Proliferation Antigen Ki-67 Organises Heterochromatin. Elife 5, e13722. doi:10.7554/eLife.13722
 Soundara Rajan, T., Giacoppo, S., Diomede, F., Bramanti, P., Trubiani, O., and Mazzon, E. (2017). Human Periodontal Ligament Stem Cells Secretome from Multiple Sclerosis Patients Suppresses NALP3 Inflammasome Activation in Experimental Autoimmune Encephalomyelitis. Int. J. Immunopathol. Pharmacol. 30 (3), 238–252. doi:10.1177/0394632017722332
 Stocker, J. T. (2009). Cystic Lung Disease in Infants and Children. Fetal Pediatr. pathology 28 (4), 155–184. doi:10.1080/15513810902984095
 Stocker, J. T., Madewell, J. E., and Drake, R. M. (1977). Congenital Cystic Adenomatoid Malformation of the Lung. Hum. Pathol. 8 (2), 155–171. doi:10.1016/s0046-8177(77)80078-6
 Thakker, R., and Yang, P. (2014). Mesenchymal Stem Cell Therapy for Cardiac Repair. Curr. Treat. Options Cardio Med. 16 (7), 323. doi:10.1007/s11936-014-0323-4
 Tong, Y., Zuo, J., and Yue, D. (2021). Application Prospects of Mesenchymal Stem Cell Therapy for Bronchopulmonary Dysplasia and the Challenges Encountered. BioMed Res. Int. 2021, 1–9. doi:10.1155/2021/9983664
 Valorani, M. G., Montelatici, E., Germani, A., Biddle, A., D'Alessandro, D., Strollo, R., et al. (2012). Pre‐culturing Human Adipose Tissue Mesenchymal Stem Cells under Hypoxia Increases Their Adipogenic and Osteogenic Differentiation Potentials. Cell. Prolif. 45 (3), 225–238. doi:10.1111/j.1365-2184.2012.00817.x
 Vertelov, G., Kharazi, L., Muralidhar, M. G., Sanati, G., Tankovich, T., and Kharazi, A. (2013). High Targeted Migration of Human Mesenchymal Stem Cells Grown in Hypoxia Is Associated with Enhanced Activation of RhoA. Stem Cell. Res. Ther. 4 (1), 5. doi:10.1186/scrt153
 Wan Safwani, W. K. Z., Wong, C. W., Yong, K. W., Choi, J. R., Mat Adenan, N. A., Omar, S. Z., et al. (2016). The Effects of Hypoxia and Serum-free Conditions on the Stemness Properties of Human Adipose-Derived Stem Cells. Cytotechnology 68 (5), 1859–1872. doi:10.1007/s10616-015-9939-9
 Wang, D. W., Fermor, B., Gimble, J. M., Awad, H. A., and Guilak, F. (2005). Influence of Oxygen on the Proliferation and Metabolism of Adipose Derived Adult Stem Cells. J. Cell. Physiol. 204 (1), 184–191. doi:10.1002/jcp.20324
 Waring, P., and Müllbacher, A. (1999). Cell Death Induced by the Fas/Fas Ligand Pathway and its Role in Pathology. Immunol. Cell. Biol. 77 (4), 312–317. doi:10.1046/j.1440-1711.1999.00837.x
 Wecht, S., and Rojas, M. (2016). Mesenchymal Stem Cells in the Treatment of Chronic Lung Disease. Respirology 21 (8), 1366–1375. doi:10.1111/resp.12911
 Weiss, D. J. (2014). Concise Review: Current Status of Stem Cells and Regenerative Medicine in Lung Biology and Diseases. Stem Cells 32 (1), 16–25. doi:10.1002/stem.1506
 Weiss, D. J., and Finck, C. (2010). Embryonic Stem Cells and Repair of Lung Injury. Mol. Ther. 18 (3), 460–461. doi:10.1038/mt.2010.8
 Westphal, D., Dewson, G., Czabotar, P. E., and Kluck, R. M. (2011). Molecular Biology of Bax and Bak Activation and Action. Biochimica Biophysica Acta (BBA) - Mol. Cell. Res. 1813 (4), 521–531. doi:10.1016/j.bbamcr.2010.12.019
 Yang, Y., Lee, E. H., and Yang, Z. (2022). Hypoxia-Conditioned Mesenchymal Stem Cells in Tissue Regeneration Application. Tissue Eng. Part B Rev. [Epub ahead of print]. doi:10.1089/ten.teb.2021.0145
 Yu, G., Wang, L.-G., Han, Y., and He, Q.-Y. (2012). clusterProfiler: an R Package for Comparing Biological Themes Among Gene Clusters. OMICS A J. Integr. Biol. 16 (5), 284–287. doi:10.1089/omi.2011.0118
 Zhang, Z., Zhao, C., Liu, B., Liang, D., Qin, X., Li, X., et al. (2014). Inositol Pyrophosphates Mediate the Effects of Aging on Bone Marrow Mesenchymal Stem Cells by Inhibiting Akt Signaling. Stem Cell. Res. Ther. 5 (2), 33. doi:10.1186/scrt431
 Zhao, X., Liu, X., and Su, L. (2014). Parthenolide Induces Apoptosis via TNFRSF10B and PMAIP1 Pathways in Human Lung Cancer Cells. J. Exp. Clin. Cancer Res. 33, 3. doi:10.1186/1756-9966-33-3
 Zheng, J., Dai, Y., Lin, X., Huang, Q., Shi, L., Jin, X., et al. (2021). Hypoxia-induced L-actate D-ehydrogenase A P-rotects C-ells from A-poptosis in E-ndometriosis. Mol. Med. Rep. 24 (3), 637. doi:10.3892/mmr.2021.12276
 Zhidkova, O., Andreeva, E., Ezdakova, M., and Buravkova, L. (2021). Crosstalk of Endothelial and Mesenchymal Stromal Cells under Tissue-Related O2. Ijtm 1 (2), 116–136. doi:10.3390/ijtm1020009
Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2022 Silvestro, Diomede, Chiricosta, Zingale, Marconi, Pizzicannella, Valeri, Avanzini, Calcaterra, Pelizzo and Mazzon. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/fbioe-10-868486-g005.gif
MSCsdung.
N

B2 e s

r—






OPS/images/fbioe-10-868486-g006.gif
* gnmeemen S
(T
i

e

b Lot

(e
-






OPS/images/fbioe-10-868486-g003.gif
A B, <

BB e oo as okt O s S e
055 A wurcts BN NA- won 1351 e prrlYy
95 NA o NA 0% wwar i A oo 5 i oo
S N e WA EEwos A 09 e
B Na ame 100 v NA 10 920 Na o
Do o e R o NA 57 oo et oo
R N e N B Sl e s
15N Se o oss v o e
B e oEs a wao G i e MA e oo
07 Mo (0% o AT v St oo
ox M cow  oi o NA 098 o e
03 o5 onr NA osi mees 08 18w
0% BBt B Rty N
Ry Mo 152 e S
1 e N ~ogstroa
S SR o
A 0% oo i
g7 036 s i e
021 A p—
WA 197 G R
93 037 e s

W05 o . 4
a2 o
058 i weor
02 WA ane






OPS/images/fbioe-10-868486-g004.gif





OPS/xhtml/nav.xhtml
Contents

		Cover

		The Role of Hypoxia in Improving the Therapeutic Potential of Mesenchymal Stromal Cells. A Comparative Study From Healthy Lung and Congenital Pulmonary Airway Malformations in Infants		Introduction

		Materials and Methods		Patients

		Cell Isolation, Culture and Characterization

		Hypoxic Treatment

		RNA Extraction

		RNA-Seq Inspection

		Western Blotting

		Statistical Analysis





		Results		Characterization of MSCs-Lung and MSCs-CPAM

		Culture of MSCs-Lung and MSCs-CPAM

		Transcriptomic Analysis

		Protein Expression





		Discussion

		Data Availability Statement

		Ethics Statement

		Author Contributions

		Funding

		Publisher’s Note

		References









OPS/images/cover.jpg
, frontiers ‘ Frontiers in Bioengineering and Biotechnology

The Role of Hypoxia in Improving
the Therapeutic Potential of
Mesenchymal Stromal Cells. A
Comparative Study From Healthy
Lung and Congenital Pulmonary
Airway Malformations in Infants





OPS/images/fbioe-10-868486-g001.gif
MSCs.CPAM






OPS/images/fbioe-10-868486-g002.gif
MOCe-Lg Mocsmanie. MECLPAM Normonia

Moy Qo —









OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
P frontiers | Frontiers i

Bioengineering and Biotechnology





